Full-length cDNAs of barley mild mosaic bymovirus RNA1 and RNA2 were cloned downstream of a modified cauliflower mosaic virus 35S promoter with double enhancer. Mechanical inoculation of barley seedlings with a mixture of both cDNAs resulted in systemic mosaic symptoms, typical of barley mild mosaic virus infection. The presence of both RNA species and their gene products in the systemically infected leaves was demonstrated by RT-PCR and Western blot analyses, respectively. Virions were detected by immunogold labelling, demonstrating that the RNAs are encapsidated. This is the first report of the 35S promoter used in successfully infecting a monocot plant host with cDNA from a strictly monocot plant RNA virus.
Bymoviruses are potyvirid plant viruses with a host range limited to monocotyledonous (monocot) plants (Ordon et al., 1992 ; Proeseler, 1993) . They are naturally transmitted by the plasmodiophoromycete Polymyxa graminis (Adams et al., 1988) and have a genome of ca. 10 kb composed of two messengersense, single-stranded, 3h-polyadenylated RNA species (Koenig & Huth, 1988 ; Usugi et al., 1989) . Barley yellow mosaic virus (BaYMV) and barley mild mosaic virus (BaMMV) are two members of this genus that cause, often in mixed infection, the economically important yellow mosaic disease of winter barley (Hordeum vulgare) in Europe and Asia (Kashiwazaki et al., 1989 ; Huth & Adams, 1990 ; Hariri et al., 1990) . Bymovirus research initially focused on the type species, BaYMV, whose entire genomic sequence was published for Japanese and German isolates (Kashiwazaki et al., 1990 (Kashiwazaki et al., , 1991 Davidson et al., 1991 ; Peerenboom et al., 1992) . Since then, progress on the study of its molecular biology has been hampered by the lack of infectious clones to enable reverse genetics. One reason for this has been the fact that most isolates of BaYMV are poorly or non-transmissible by mechanical inoculation : the standard method for introducing Author for correspondence : Michel Meyer.
Fax j33 1 30 83 31 95. e-mail mmeyer!versailles.inra.fr potentially infectious cDNA or in vitro transcripts into the host plant. For this reason we have focused on a mechanically transmissible French isolate of BaMMV (isolate M), which has now been fully sequenced . The larger RNA species (RNA1) of isolate M consists of 7261 nucleotides (nt) [excluding the 3h poly(A) tail], which putatively encodes eight proteins related to the potyviral P3, 6K " , CI, 6K # , NIa-VPg, NIa-Pro, NIb and capsid protein (CP). The smaller RNA species (RNA2) of isolate M consists of 2428 nt [excluding the 3h poly(A) tail] and encodes two proteins, P1 and P2. The P1 protein shares extensive similarities with the potyviral helper component proteinase, while P2 is related to the capsid readthrough protein of furoviruses and is believed to play a role in transmission of the virus by Polymyxa graminis Jacobi et al., 1995 ; . RNA2 of isolate M contains a deletion of approximately 1 kb in the 3h-terminal region of the P2 gene compared to RNA2 of fungally transmitted (wildtype) virus. Previously, in vitro transcripts of a naturally deleted RNA2 were reported to replicate in BaMMV-infected plants (Timpe & Ku$ hne, 1995) . In this paper we describe the cloning of full-length cDNAs of RNA1 and RNA2 downstream of a cauliflower mosaic virus 35S promoter with a double enhancer, and their application in successfully infecting barley seedlings by mechanical inoculation. pCap35J2* (kindly provided by M. Jacquemond, INRA, Avignon, France) was chosen as the vector for constructing infectious cDNAs. It contains the 35S promoter from pCap35J (Yamaya et al., 1988) with a doubled enhancer sequence (35S2), cloned in pBluescript KS(j). Digestion with StuI exposes the 3h-end of the 35S2 promoter for direct blunt-end ligation of foreign sequences. Intermediate cloning steps were done in pBluescript KS(j). To construct a full-length clone of RNA1, overlapping cDNA clones were synthesized using a cDNA synthesis kit (Boehringer Mannheim) and the 3h-specific primer pd(T)
"& (clone 2), an internal primer corresponding to nt 5121-5144 of RNA1 (clones 4, 14 and 14a), or an internal primer corresponding to nt 1766-1785 of RNA1 (clone 1) ( Fig.  1 A) . To obtain cDNA to the 5h-end of RNA1 a 1788 bp fragment was PCR-amplified with the primers d(TTTAAAA-ATAAAACTTCAATAC) (corresponding to the first 19 nt of RNA1 plus an additional three T residues at the 5h-end to 0001-5097 # 1997 SGM create the DraI restriction site TTTAAA), and an internal primer corresponding to nt 1766-1785 of RNA1. These cDNAs were joined using the restriction enzymes SunI, BglII, PmlI, AvaI and NcoI (Fig. 1 A) . Subsequently, the full-length cDNA1 was excised with DraI and ClaI (a unique ClaI site was present in the vector downstream of the viral insert) and cloned into StuI\ClaI-digested pCap35J2* to give p35SBaMMV1 (Fig. 1 A) . A similar strategy was used to construct a full-length clone of RNA2. Overlapping cDNA clones were obtained with pd(T)
"& (clone 24) and an internal primer corresponding to nt 1108-1130 of RNA2 (clone 64). To obtain cDNA to the 5h-end of RNA2 a 588 bp fragment was PCR-amplified with the primers d(TTTAAAAATAAAA-CTACACAAA) (corresponding to the first 19 nt of RNA2 plus an additional three T residues at the 5h-end), and an internal primer corresponding to nt 566-585 of RNA2. These cDNAs were joined using the restriction enzymes NruI and NheI (Fig. 1 B) . Subsequently, the full-length cDNA2 was excised with DraI and HindIII (a unique HindIII site was present in the vector downstream of the viral insert) and cloned into StuI\HindIII-digested pCap35J2* to give p35SBaMMV2 (Fig.  1 B) .
To test the ability of the clones to infect barley plants, p35SBaMMV1 and p35SBaMMV2 plasmids were linearized downstream of the virus-specific insert with ClaI and HindIII, respectively. In addition, insert plus promoter were excised from the vector by KpnI digestion. Mechanical inoculation of 2-week-old barley cv. Magie seedlings was carried out by lightly dusting the leaves with carborundum powder followed by manually abrading with 20 µl aliquots of a mixture of 10 µg each of p35SBaMMV1 and p35SBaMMV2 dissolved in water. Plants were maintained under growth chamber conditions at 15 mC. After 2 weeks, all leaves were cut off above soil level and tested in double antibody sandwich ELISA using antiBaMMV polyclonal antibodies and alkaline phosphataseconjugated anti-BaMMV polyclonal antibodies (kindly provided by D. Hariri, INRA, Versailles, France). Two weeks later, newly grown leaves were used for further analyses. In each of three independent inoculation experiments, one in ten plants tested CP positive in ELISA in the inoculated leaves at 2 weeks post-inoculation (data not shown). These three plants went on to develop systemic mosaic symptoms, typical of BaMMV infection, in the newly grown leaves at 4 weeks postinoculation, which again tested CP positive in ELISA (data not shown).
To confirm that the symptoms noted above were due to infection of the plants with BaMMV, total protein extracts from leaves were fractionated in 12n5 % polyacrylamide-SDS gels, electroblotted onto nitrocellulose membranes and subjected to Western blot analysis using antibodies directed against the RNA2-encoded P1 or the RNA1-encoded CP as described previously . No signal was obtained with either antibody in extracts from healthy plants (Fig. 2, lanes 1) . Anti-P1 antibody detected a pair of bands of ca. 25 kDa (corresponding to P1) in infected plants inoculated with isolate M or with a mixture of p35SBaMMV1 and p35SBaMMV2 (Fig. 2, left panel, lanes 2-5) . Similarly, anti-CP antibody detected a protein of ca. 35 kDa (corresponding to In a second test we assessed the presence of RNA1 and RNA2 by means of RT-PCR to amplify RNA1-and RNA2-specific sequences. Total RNA was extracted from leaves as described by Schenk et al. (1995) . First-strand cDNA was synthesized with pd(T)
"& and subjected to PCR amplification using RNA1-and RNA2-specific primers as described in . PCR products were analysed by 1 % agarose gel electrophoresis, stained with ethidium bromide and visualised under UV light. With primers 1 and 2 (Fig. 1 A) a 1152 bp fragment corresponding to the CP gene plus 3h-untranslated region of RNA1 was amplified in infected plants inoculated with isolate M or with a mixture of p35SBaMMV1 and p35SBaMMV2 (Fig. 3, left panel, lanes 2-5) . Similarly, with primers 4 and 7 (Fig. 1 B) a 1131 bp fragment corresponding to the 3h-terminal P2 gene plus 3h-untranslated region of RNA2 was amplified in infected plants inoculated with isolate M or with a mixture of both cDNAs (Fig. 3, right  panel, lanes 2-5) . Some smaller products of unknown origin were also obtained. No product was amplified from RNA extracted from healthy plants with either set of primers (Fig. 3,  lanes 1) . The viral origin of the 1152 and 1131 bp fragments has previously been verified by sequence analysis . Again, these results support the presence of both RNA1 and RNA2 in plants infected by means of cDNA inoculation.
Infected leaf tissue was analysed for the presence of virus particles by immunogold labelling essentially as described by Boudazin et al. (1994) , using gold-conjugated (10 nm) protein A (Biocell Research Laboratories). Filamentous virus-like particles were detected (data not shown) demonstrating that the RNAs are encapsidated. In addition, the virus was successfully passaged to new, uninfected plants by mechanical sap inoculation. Taken together, our results establish that the 35S2-driven cDNA clones of BaMMV RNA1 and RNA2 are infectious upon mechanical inoculation of barley plants, generating virus apparently indistinguishable from isolate M.
Infectious clones have been reported for a number of monocot plant RNA viruses : brome mosaic bromovirus (Ahlquist et al., 1984) , rice yellow mottle sobemovirus (Brugidou et al., 1995) , barley stripe mosaic hordeivirus (Petty et al., 1989) and barley yellow dwarf luteovirus (Young et al., 1991) . In all these cases a T7 bacteriophage RNA polymerase promoter was employed to generate infectious in vitro transcripts prior to inoculation. Although 35S promoter-driven clones were reported for brome mosaic virus (Mori et al., 1991) , these were able to successfully infect a dicotyledonous local lesion host but not barley. The infectious clones of BaMMV reported here are, to our knowledge, the first example where the 35S promoter has been successfully employed in infecting a monocot plant host with cDNA from a strictly monocot plant RNA virus.
Instead of inserting a transcription terminator to prevent the synthesis of transcripts longer than the genome, the cDNA clones were linearized downstream of the viral sequence prior to inoculation. This strategy was used successfully with 35S-driven clones of cowpea mosaic comovirus (Dessens & Lomonossoff, 1993) . In addition, the viral insert plus promoter was excised from the vector DNA prior to inoculation as this has been reported to increase the inoculation efficiency of cucumber mosaic cucumovirus clones (Ding et al., 1995) . Nonetheless, the success rate of inoculation was low (10 %). By comparison, mechanical inoculation of cowpea seedlings with identical amounts (10 µg) of cDNA to cowpea mosaic virus RNA1 and RNA2 resulted in 100 % infection (Dessens & Lomonossoff, 1993) . This apparent difference might be due to the fact that the cauliflower mosaic virus 35S promoter is less adapted to monocot plants. It may be advantageous in the future to use a different DNA delivery system such as ballistic inoculation. This was reported to greatly enhance the inoculation efficiency of zucchini yellow mosaic potyvirus clones (Gal-On et al., 1995) . In any event, the infectious clones of BaMMV reported here provide a tool to study the virus multiplication cycle and should contribute towards a more rapid understanding of the molecular biology of the bymoviruses.
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